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PREFACE

: The "Low Cost Hypermixing Ejector Ramjet Program'' was performed for the

| Air Force/Aerospace Research Laboratories by The Marquardt Company under Contract [
;| F33615-73~C-4083. The basic objective of this program was to asseas the payoft, if any,
{ of applying bypermixing ejector technology to the design of a low cost ejector ramjet ’3
g engine. The work deacribed herein was accomplished during the period ci June 15,

'f 1973 to 10 February 1975.

Major Thowias Meier was largely responsible for initiating this program,
Lt. Robert Boyle was the program manager through evaluation of the initial ejector design.
Dr. Hermann Victs was the program manager of the highly successful modified ejector
phase of this program.

The effort at The Marquardt Company was conducted under the supervision of
Joseph G. Bendot, Thomas G. Piercy conducted the engine preliminary design studies
and evaluated much of the test data. The development engineer was Wallacé G. Harkins.
Williara R. Hammill and Eric N, Gothric designed the flight engine and ejector test items.

Special acknowledgment is given to Jeanette A. Yocham who typed this report.
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SECTION 1

INTRODUCTION

The Air Force Aerospace Research Laboratories (ARL) recently made a techuology
breakthrough in the field of turbulent mixing, Experiments at ARL indicated that the
spreading rate of a subsonic jet may be increased dramatically by the introduction of
streamwise vortices in the flow. See Figure 1. The vortices promote efficient turbulent
mixing within an extremely short distance. One possible source of such a "hypermixing"'
jet is a segmented slot nozzle. Adjacent slots are skewed slightly from the flow direction
to impart streamwise vorticity. To Jate the envisioned application of such nozzles has
teen in ejector flap and augmentor wing concepts for improved V/STOL aircraft designs.

The basic objective of this program was to assess the payoff, if any, of applying
hypermixing ejector technology to the design of a low cost ejector ramjet engine. In this
application, the ejector primary flow is superaonic. Hypermixing ejector nozzle technology
aoffered the potential advantage of more rapid mixiug with the ramjet engine airflow. If this
were the case, mixer length could be reduced and/or the primary nozzle could be simplified
by the reduction in the number of primary rozzles required to achieve full mixing. In
either case, engine length, weight,and/or cost reductions could be realized through applica-
tion of this technology.

Following a design and analysis phase to select the preferred ejector ramiet engine
cycle/propellant(s), an experimental program was conducted to establish the rapidity of
mixing downstream of a primary ejector nozzle system which incorporsates the hypermix -
ing technology developed by ARL.
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Figure 1. Streamwise Hypermixing Vortices in a Two-Dimensional Jet
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SECTION II

ENGINE DESIGN CRITERIA

A design criteria selection coordination meeting was held with ARL personnel
shortly after contract award. The following major design criteria were established:

° The 15-inch diameter Low Cost Ramjet Engine was the baseline engine
size for this study (Air Force Contract F33615-72-C-1425),

(] The primary flight envelope was Mach 0,7 to 0.9 at altitudes from sea
level to 30, 00) feet. Marquardt, however, would examine the perform-
ance characieristics of the selected ejector ramjet engine concept up to
a Mach number of 1,2,

® Marquardt would examine both fuel and oxidizer addition ejector ramjet
engine cycles, The fuel addition engine will use UDMH as the fuel,

while the oxidizer addition engine will use hydrogen peroxide ir the
primary-mixer and JP-4 as the fuel to be injected into the afterburner.

SECTION II

ENGINE CYCLE SELECTION STUDIES

Mach 0. 75 at 20, 000 foet altitude was selected as the design point for determination
of engine sizing. At this design point, each engine cycle was assumed to be operating at
¢ =1.0 (i.e., stoichiometric combustion) with tue following component efficiencies:

Inlet pressure recovery 100. 0%
Mixer efficiency 98.5%
Diffuser efficiency 99, 0%
Primary nozzle efficiency 96. 0%
Afterburner nozzle efficiency 96, 0%
Combustion efficiency 95, 0%

The primary pressure (delivering fuel or oxidizer to the ejector) was taken as 300 psia in
keeping with the low cost objectives of this program, The heat of combustion of UDMH
was taken as 12, 939 Btu/lb, while the stoichiometric fuel/air ratio was 0. 1088.
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For the fue! addition engine (Figure 2), two cycle variations were considered.
In the first cycle, it was assumed that the fuel-air mixing and combustion occurred
simultaneously; the combustion products are then passed through a convergent nozzle
whose exit pressure was equal to ambient pressure at the design condition, i.e., 6.76
; psia at 20, 000 feet. In the second cycle variation, it was assumed that mixing would
i occur without combustion. The mixed fuel-air was then diffused to the combustor
area A4 where flameholders and an ignition source would be required to initiate and
sustain combustion ai the assumed combustion efficiency level.

R

x For the oxidizer addition eangine (Figure 2), the incoming air and hydrogen
{ peroxide are mixed, diffused, and JP-4 fuel is added in the afterburner to achieve
combustion at a stojchiometric mixture ratio.

L For each of these engine cycles, engire geometry and airflow were varied para-
metrically to obtain the maximum net jot thrust and minimum fuel consumption. This
required an optimization which is described in the following paragraphs for each of

the engine cycles.

1, FUEL ADDITION -~ SIMULTANEQUS MIX AND BURN

of simultaneous mixing and burning. For the case shown, the airflow Mach number at
station 2 was taken as 0. 15 for two different mixer inlet sizes, As. For the given flight
condition, the combination of flow area Ag and Mach number M2 suffice to establish the
engine airflow, W_,. For a ¢ =1, 0, the fuel flow out of the primary nozzles is then
estahlished.

:
|
t
1
The effect of mixer area ratio Ag/Ag is illustrated in Figure 3 for the case i
3
;
y

so

The variation shown in Figure 3, for each value of Ay, is to npen up the mixer
area A, starting at the condition whare the mixer is constant area (A3=A2 +Ap). As
shown in the figure, the thrust increases and the fuel concumption decreases as the
mixer is opened up to the maximum value possible (i.e., A3=A3 *A4). By opening up
the mixer, the total pressure losses due to combustion are redﬁced, yielding the noted
results,

1

e
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The effect of mixer inlet size A, is shown in Figure 4. As the mixer inlet area
b A, is increased, the thrust and specific fuel consumptior increase. Also note that the

b area Ag increase2 with Ag in order to handie the increased air and fuel flow, It is

i generally desired tc iveep the exit nozzle area, A,, equal to 60% or less of the combustor
flow area A,. This reduces the combustor flow Mach number and increases combustion
S efficiency and stability while reducing combustion total pressure losses. (Ag/A 4 Will be
set at 0.6 ir this study.) Figure 3 includes the performance that would be predicted for
a nozzle exit area ratio A\ﬁ/A4 of 0. 60 with an air eatrance Mach number in the mixer

of 0.15.

The effecy of mixer inlet Mach number is shown in Figure 5. For a gimultaneous
mix and burn cas’ . a low entrance Mach number, My, is desired to reduce combustiua
pressure losses aid maximize thrust. Note that the mixer inl<t area A is increasing

!
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A. SUBSONIC RAMJET FUEL INJECTOR
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B. EJECTOR RAMJET/OXIDIZER ADDITION CYCLE VARIATION
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Figure 2. Ramjet/Ejector Ramjet Engine Concepts
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as M2 i- reduced. Below a value of M2 of 0.1, the required nozzle flow area is less
than 60% of Ag,and the thrust coefficient begins to fall. The mixer and burner begin
to approach a constant area cylinder of diameter equal to that of the combustor.

The final sizing and preliminary performance for the simultateous mix and
burn case is summarized in Table I,where it is compared to the other engine cycles.
The performance of this engine for a range of fuel flows is discussed in a latter section
of this report.

2. FUEL ADDITION - MIX/DIFFUSE/BURN

For this engine cycle, the air inlet Mach number Mg and flow area A; were
again varied in a systematic manner to determine the engine configuration yielding
the maximum thrust coefficient. As with the simultaneous mix and burn cycle, the
engine airflow is established by the combination of Mach number and size of the mixer
for the given flight condition. Engine fuel flow through the primary nozzles is then
about 11% of the engine airflow for stoichiometric combustion.

Figure 6 summarizes this engine cycle performance for nozzle exit areas of
50, 60, and 70% of the combustor flow area, For all exit nozzle sizes, the thrust and
fuel consumption are optimized at a mixer inlet Mach number of about 0,35, compared
to about 0.10 for the simultaneous mix and burn cycle. The thrust coefficient at My
of 0.35 and the selected value of nozzle area ratio Ag/A4 of 60% is 0. 991, representing
a gain of 29% over the simultaneous mix and burn case. The preliminary performance
and final sizing for this mix, diffuse, and burn case is summarized in Tabhle I, where
it may be compared with the other cycle variations, Performance with a range of fuel
flows is discussed in another scction of this report.

3. OXIDIZER ADDITION ENGINE CYCLE

Th~ vhrust coefficient of the oxidizer addition engine is not limited as with the
fuel atiition engine cycles. Thus the sizing of this engine is dependent upon the thrust
leve) aesired. For example, at low primary flow rates, the performance approaches
that of the conventional ramjet, and optimum inlet Mach number M, for the flight
conditions chosen is about 0.25 - 0.39. However, at high thrust levels corresponding
to small ratios of secondary ‘0 primary flow rates, Ws/W , the optimum inlet Mach
number M, s about 0.7, thus producing au essentially ch&ed coundition at the mixer
outist (Mg> 1.0).

A typical optimization of the oxidizer addition engine is shown in Figurc 7. The
nozzle exit area wae restricted to 60% of the combuctor flow area A4; for given values
of entrance Ma~h number My, the mixer area A, and primary flow rate were varied to
proaduce the variations of thrust coefficient and specific fuel consumption shown in
Fi{gure 7. The low thrust points of each curve correspond to ramjet performance (no
primary flow). Increasing ¢irust is then achieved by increasing the primary flow rate.
At high thrust levels, ax entrance M: ch aumber of 2. 7 produces a minimum SFC, How-
ever, in the thrust coefficient range f 0.8 to 1.0, the minimum SFC is achieved with an
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entrance Mach number of about 0. 6. This lower range of thrust coefficient was chosen €
for sizing of the oxidizer addition engine since this is the order of magnitude of the |
thrust coefficients produced by the fuel addition engine cycles previously discussed. |
The preliminary performance and sizing of the oxidizer addition engine is summarized

in Table 1.

SECTION IV

ENGINE CYCLE SELECTION

The performance of the three engine cycles is presented in Figure 8, wherein
engine thrust coefficient is plotted versus specific fuel or propellant consumption. The
primary flow rate for each engine cycle was varied to achieve the thrust variation noted,
with solid circle points corresponding to optimized design points for each cycle variation
(Table I)., The lowest point on the oxidizer addition cycle corresponds to zero primary
flow and thus is a simple, but not optimum geometry, ramjet engine.

L S o

These results were reviewed with the ARL Program Manager, and the fuel
addition cycle with mixing, diffusion, and burning (afterwards designated MDB) was
selected as the configuration for continued engine preliminary design., The high thrust
and low specific fuel consumption of the MDB engine cycle made it an obvious choice,
producing a thrust almost twice that of the ramjet at approximately the same fuel con-
sumption levels. A review of the combustion environment indicated that combustion would
nct occur in the mixer, and that flame stabilization devices plus igniter would be required
to promote burning with the desired efficiency in the afterburner. The simultaneous mix-
ing and burning cycle, by the same token, is thus somewhat academic and is not a likely
configuration.

R ie- Rl POt i o o o o A s s
R N e o i, e ot *

e e T ST et e e T

Lo e W TR
<




Fuel Afidition (UQMH) Jé=1.5

3 Mix, qlffwae. Buifn \/

- 1.1 .

3

¥

. 1,0 . )

3 Z p=1.0

| ©

1

L o) =

5 =

3 8 | Fuel Addjtion (UDMH)

z - Simulatngous Mix agd Burn

3 .8

2 1,09 /e l’

; - [T~ Oxidiger Additidn (90% H,@y)

3 Mix, piffuse, qurn

:§ 2 .7 Vi

3 ¢ =05 [* 4

1 .6 a /

5 . $=0.5 / /

4 ]
.4 |
4 5 6 7 8 9 10 11 12
Specific Fuel Consumptien (SFC) cr | !
v _ lb/hr .
: Specific Propellant Consumption SCP Ib. thrust a
Figure 8. Low Cost Ejector Ramjet Engine Cycle Variation Comparison :
|

i
1




wa s LN L SRR T TS

e Tt

SRR ey

R AT e s 7 e Es

SECTION V

UNSYMMETRICAL DIMETHYLHYDRAZINE (UDMH) PROPERTIES

UDMH was selected as the ejector ramjet fuel because of its ready availability,
excellent storage capabilities, low cost, while providing substantial performance gains
over propane and JP-4. However, in spite of its wide use as a rocket propellant, there
!s little information about its thermal properties as a monopropellant and the combustion
of decomposed UDMH with air as required in the ejector ramjet cycle. For example,
the Rocket Propellant Handbook (Reference 1) lists the heat of formation of UDMH as
-187.3 cal/g (41.27 K cal/mole) while the Callery Chemical Company (Reference 2)
gives 112.74 K cal/mole. Similarly, the heat of .umbustion varies from 14160 Biu/lb
to 12939 Btu/lb between these two references. Inasmuch as the design of the primary
ejector subsystem and subsequent combustion in the afterburner is highly dependent
upon the temperature, products of decomposition, and specific heat ratio in the expansion,
mixing, and combustion processes, it was decided before proceeding further to collect
and review as much data as possible on UDMH,

A visit was made to the USAF Rocket Propulsicn Laboratory at Edwards Air Force
Base, California,and discussions were held with Mr. W. Forbes/Rocket Propellants
Section. RPL's UDMH decomposition data were very limited, particularly with regard to
decomposition temperature; however, three references were identified as potential sources
of design information. These references were obtained by Marquardt,and Reference 3, in
particular, was outstanding. This report describes an experimental program conducted
by the Jet Propulsion Laboratory of Pasadena,which evaluated UDMH as a monopropellant.
The JPL report is included as Appendix A to this report.

The results of this experimental study indicate that decomposition of UDMH can
be accomplished thermally. (Thermal decomposition has been assumed in keeping with
the low cost objectives of this engine program.) However, the thermal decomposition
temperature depends on whether the UDMH is injected as a liquid or as a vapor, and if
as a vapor, how much heat is added to the UDMH before being injected into the decomposi-
tion chambey. JPL predicted a decomposition temperature of 1467°F (1927°R) at a
chamber pressure of 300 psia. This result is based upon a heat of formation of +12.72 K
cal/mole and chemical equilibrium upon assuming final products of Hy, N2, CHg, NHg, HCN,
and C. -Marquardt analyses based upon a heat of formation of +12.74 K cal/mole show
a reaction temperature of 1073°K (1931°R) as shown in Table II; thus the JPL and
Marquardt results are quite comparable. JPL test results are summarized for conven-
ience in Table III. With unheated UDMH injected into a preheated chamber, a decomposi-
tion temperature of 1262°F was achieved at 300 psia, compared to the theoretical value
of 1467°F. A small increase in UDMH temperature, achieved by picking up a small
amount of heat regeneratively, increased the measured C* and chamber temperature
slightly. Finally, by adding supplementary heat and injecting the UDMH into the chamber
as a vapor, the measured decomposition temperature reached 1373°F. These results
indicate that with care in design and with suitable heat addition, the theoretical decom-
position temperatures and chemical products can be approached.
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paeliceguthg,

After review of these experimental data, a decomposition temperature of
1340°F (1800°R) was assumed with a chamber pressure of 300 psia. These coaditions
were used with Marquardt's chemical equilibrium program to establiah total enthalpy,
the process 7, and exit velocity for exapsnion through the primary nozzle through
various pressure ratios. The results of this computer run are shown in Table IV,
These results were then used to establish an effective ¥ across the primary nozzle such
that,for a given primary pressure ratio and total enthalpy, Marquardt's ejector ramjet
engine performance computer program give the same primary exit velocity as the
chemical equilibrium program.

The chemical equilibrium program was then run for stoichiometric combustion
of UDMH and air at 10 psia., This pressure is representative of the combustion chambar
condjtions at the Mach 0,75 at 20, 000 foot altitude design point. The resulis of this
computer run are shown in Table V., Only the chamber and throat conditions are of
interest in this tabulation inasmuch as there is not enough pressure ratio to choke the
engine exit nozzle, This computer run also served to determine combustion chamber
exit total enthalpy and ¥ for use in combustion chamber and exit nozzle analysis,
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SECTION VI

ENGINE PRELIMINARY DESIGN

1. ENGINE SIZING

The sizing of the three candidate engine cycles of Section III was based upon
consistent but, in several cases, optimistic component efficiencies, For preliminary
design and performance estimation of the selected MDB cycle, the following component
efficiencies were used:

Inlet Total Pressure Recovery (PTZ/ Pr O) 0.98

Revised UDMH Thermal Decomposition Combustion Properties (See Section V)

Primary (Ejector) Nozzle Efficiency ( np) 0,96

Diffuser Efficiency ( nD) 0.90
Mixing Efficiency (‘nM) 0.985

Combustion Efficiency (n)

$ < 1.0 0.93
¢ = 1.25 0.91
$ = 1.5 0.83
Exit Nozzlo Efficiency (1) 0.96

The largest change in component efficiency was that assigned to the diffuser. This
parameter relates the total pressure loss across the diffuser as a function of the flow
Mach number at the beginning of the diffuser. For this engine, the use of a diffuser
eificiency of 90% is equivalent to the total pressure loss of a conical diffuser of about
13° total divergence angle based upon Reference 4.

The MDB engine was reoptimized at the Mach 0.75 @ 20000 feet design point by
using the above revised component efficiencies. Table VI summarizes design point
performance. A comparison of the design point engine performance and sizing for
the revised design and the original optimization is presente< in Table V. In com-
parison to the preliminary results, the thrust coefficient was decreased 9. 7% while
the SFC was increased 16, 7% by the use of the revised component efficiencies/UDMH
properties,
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TABLE VII. MDB ENGINE PERFORMANCE DESIGN POINT COMPARISON

Mo

Ag/A,

Ay

Primary Total Pressure

Engine
parameter

Craq
SFC

M,

A, (1t2)

Ag (€t%)

Wg/Wp

Fiel

Initial component

0.75 at 20. 000 ft

= 0.6 (fixed convergent exit nozzle)

= 1.0

1.227 £t2 ®, =15 in.)

= 300 psia

UDMH (decomposed)

Revised component

efficiencies efficiencies
0,991 0.895
5.730 6. 688
0. 350 0.351
0. 359 0.387
0.372 0.398
9.191 9.191
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2. PRELIMINARY PERFOCRMANCE ESTIMATES

Performance of the MDB fueled ejector ramjet engine of Table VI has been
generated for the Mach number-altitude range of interest and for a range of fuel flows
corresponding to® of 0,5 to 1,5. Typical net jet thrust coefficient and specific fuel
consumption are shown in Figures 9 through 11, Figures 9, 10, and 11 present pre -
liminary performance at Mach numbers 0.7, 0.9, and 1.2, respectively.

Engine airflow, fuel flow, mixer inlet Mach number (M), and ejector mixer
total preusure ratio (PT3/ PT_) are tabulated in Tables VII, IX, X, and XI. In addition,
mixer inlet total pressure an& temperature are presented in Figures 12 and 13, These
data were used to désign the hypermixing ejector test item and plan the experimental
program,

SECTION VI

FLIGHT ENGINE HYPERMIXING EJECTOR DESIGN

The design of the hypermixing ejector subsystem for the flight engine was
established at the engine design point of M_= 0.75 at 20, 000 feet/¢ = 1.0. Ejector
design point conditions were established during the engine performance optimization
study:

WP = 0.78 lb/sec
2
PTP = 300 1b/in
Trp = 1800°R ;
AP = 1,68 in .
PL=P, = 8.81 lb/in

For these ejector design conditions Mp = 2.73 and Ap/A* = 5,8,

The required total ejector nozzle throat flow area was computed to be 0.29 in2
As will be seen, the nozzle throat height is approximately 0.020 inch, Therefore, a
relatively low nozzle throat discharge coefficient of 0. 20 was assumed, This estimate
was based on Marquardt experience with small rocket engines and annular air film
cooling tests. The required nozzle throat area was then computed to be 0. 322 in2,
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TABLE VI, ENGINE AIRFLOW - PPS

Altitude - 1000 ft,

k.
M, ¢ S, L, 10 20 30 §
1.2 .5 32,08 22,04 14,99 9,82 ,
.75° 28,72 19,66 13.33 8.70 §
1.0 26,57 18,16 12,29 8.01 i
1,26 27.80 19,00 12,87 8.39 i
1.5 29,84 20.42 13.85 9, 06 3
1,05 .5 26.87 is. 44 12.54 8.21 :
.16 23,89 16, 35 11,08 7.24 !
1.0 22,08 15, 08 10,21 6.65 ;
1,25 23,10 15,79 10,69 6.97 |
1.5 24,84 16. 99 11.52 7.52 i
.9 .5 22,22 15,24 10,36 6.78 |
.75 19,99 13,67 9.26 6.05 |
1.0 18,58 12,69 8.58 5.59 :
1.25 19,48 13.31 9,01 5.87 : .
1.5 20.94 14,32 9.70 6.33 i b
.8 .5 19,49 13,37 9,08 5.94
.15 17.65 12, 07 8.18 5,34
1.0 16,50 11,27 7.63 4,97 %
1,25 17.44 11,92 8. 06 5.26
1,50 18,87 12,91 8.74 5.70 .;
.75 .5 18,18 12.46 8.46 5,54 '
.75 16,52 11,30 7.65 4,97
1.0 15.51 10,59 7.17 4,67
1,25 16.47 11,25 7.61 4,97 b
1.5 17.90 12,16 8.29 5,41 ;
.70 8 16.89 11,75 7.86 5.14
.75 15.42 10,54 7.14 4,66 ;
1.0 14,53 9,93 6.72 4,38
1,25 15.52 10.60 7.17 4,68 a
1.50 16.96 11,59 7.85 5,12 i
§
1
i
25
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TABLE IX, ENGINE FUEL FLOW - PPS

Altitude - 1000 ft

M, S, L. 10 20 30
1.2 1.746 1.199 .815 .534
2,344 1.604 1.088 710
2.890 1.976 1.337 .872
3.780 2.584 1,750 1.142
4.870 3.333 2.260 1.476
1.05 1,462 1.003 . 682 .447
1.950 1.334 . 904 .590
2,402 1.641 1,110 124
3.142 2,148 1.454 .948
4,053 2.773 1.880 1,227
.9 1.209 .829 .563 .369
1,631 1.116 .756 .493
2,021 1.380 .934 . 609
2. 650 1.810 1.225 .799
3,418 2,337 1.583 1,033
.8 1,060 127 <494 .323
1,440 . 985 . 667 .435
1,796 1.226 .830 .541
2,372 1.620 1,097 715
3, 080 2.106 1.427 .931
.75 . 989 .678 . 460 .301
1.348 .922 .624 .406
1.687 1.152 .780 .508
2,239 1.530 1.035 .675
2,921 1.984 1.343 .883
.70 .919 .639 .428 .280
1.258 .860 .583 . 380
1.581 1.080 .731 .476
2,110 1,441 . 975 .636
2.768 1,892 1.282 .836

26
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TABLE X. EJECTOR/MIXER INLET MACH NUMBER M)
Altitude - 1000 ft H
_— B
1.2 .5 18. 38 .553 0533 .511 .489 §
.15 12,25 «472 . 454 .436 . 418 §
1.0 9,19 .426 .411 .394 377 !
1.25 7.35 .452 .435 .417 . 399
1.5 6.13 .497 «478 +459 <439 ;
1. 05 .5 .540 0520 .500 0478 :
.75 .459 .442 424 - 406 _?
1,00 414 . 399 .383 . 367 g
1. 25 L ] 439 L] 422 [ ) 405 L) 388 .i
1.50 .483 +464 +446 .426 ‘
.9 .5 .508 .490 .471 .451 |
76 .441 « 425 .408 . 391,
1. o . 402 [ ) 387 [ 372 ] 356
1.25 . 427 +410 . 394 «377
1.50 . 469 »451 .432 .413
.8 05 .480 .463 .445 0427
« 75 421 « 406 «390 «374
10 0 [ Y 388 [ 374 3 359 L] 344
1.25 «415 «400 . 384 . 367
1,5 .460 o442 424 . 406
.75 «d «462 +446 .429 412
<75 «409 « 394 . 379 . 362
1. 0 . 378 - 365 . 351 . 336
1,25 . 407 . 392 « 377 . 361
1. 50 [} 453 - 432 . 418 . 400
i .5 .442 . 435 .411 .395
.75 « 394 . 380 . 366 . 351
1.0 . 367 . 364 . 340 . 326
1,26 397 . 383 . 368 . 352
1.5 ¢ .44 . 428 .411 . 393
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TABLE XI. EJECTOR/MIXER TOTAL PRESSURE RATIO (P1,/PT,)
Altitude - 1000 ft

M, ¢ Wo/Wp, s.L. 10 20 30
1.2 .50 18, 382 1,0417 1,0432 1,0446  1,0459
.75 12,255 1,0919 1.0929 1.0938  1,0947
1.00 9,191 1,1353 1.1361 1.1368  1,1375
1.25 7.353 1.1873 1.1882 1.1892  1,1900
1.50 6,127 1.2463 1.2477 1.2489  1.2501
1,05 .50 1,0427 1.0440 1,0453  1.0464
.75 1,0927 1,0936 1.0944  1,0952
1.00 1.1359 1.1366 1.1372  1,1379
1.25 1, 1880 1.1889 1.1897  1.1805
1.50 1.2474 1,2486 1.2497  1,2508
.9 .50 1, 0444 1. 0455 1.0465  1,0474
.75 1.0929 1.0937 1.0944  1,0051
1.00 1.1361 1.1367 1.1373  1,1379
1.25 1.1885 11892 1,1900  1,1907
1.50 1.2481 1,2491 1.2501  1,2509
.8 .50 1, 0453 1, 0463 1.0471  1,0477
.75 1.0922 1,0930 1.0937  1,0941
1.00 1,1350 1,1357 1.1363  1.1366
1.25 1.1880 1.1888 1.1895  1,1900
1.50 1.2484 1.2494 1.2503  1,2510
.75 .50 1, 0454 1,0462 1.0471  1,0479
.75 1.0915 1.0921 1,0928 1,031
1,00 1.1339 1.1345 1.1350  1,1355
1.25 1,1872 1,1879 1,1887  1,1892
1.50 1.2482 1,2486 1,2500  1,2508
.70 .50 1.0453 1, 0463 1.0468  1,0474
.75 1.0903 1,0910 1.0916  1.0920
1.00 1.1322 1,1328 1.1334  1,1337
1,25 1.1859 1,1866 11872  1,1876
1.50 v 1.2476 1,2486 1,2493  1,2500
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Ejector nozzle geometry was sized with nozzle perimeter as the primary var-
iable. The following relationships were used in this analysis:

(2) (Nozzle Exit Flow Area)
Nozzle Exit Height

Nozzle Perimeter =

- Segment Length
Nozzle Segment Aspect Ratio Exit Helght

8 based on previous hypermixing ejecior
nozzle teat data (Reference5)

Nozzle Peri~ter
2) (Segment Aspect Ratio) (Exit Height)

T e AN 21, 2, SRR L SR 2

Number of Nozzle Segments

Nozzle Perimeter
(16) (Exit Height)

The results of this parametric design study are presented in Figures 14 and 15.

A manufacturing review of the proposed ejector nozzle assembly concluded
that cost considerations clearly indicated a preference for a true annular nozzle rather
than a large number of separately fabricated and assembled nozzle segments, Therefore,
the annular nozzle was establishad as the baseline design concept,

e e T AT A LTI MR . ST AT i v Vi,

The remaining question was: Where should the annular nozzle be located
relative to the mixer diameter? Several approaches were taken in order to define
this location,

Ejector primary/secondary air mixing basically is accomplished by shearing

action and turbulence between the two streams. Therefore, a reasonable design approach
is to locate the annular ejector nozzle 80 that the inner and outer duct flow areas are

equal.

DMixer

DEjector Nozzle

Therefore the ejector would be located where

l)Electot' Nozzle Ali: ector Nozzle _ 1
A = "2—' = 0,707

DMixer Mixer

]
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A mixing process spreading angle approach was the second technique used to
locate the ejector nozzle.

Lp
Ejector Nozzle

Obviously, this approach locates the ejector nozzle where

DElector Nozzle _
D - 0. 50
Mixer

Mixing lengths were roughly estimated from this approach. Reference 5 data show
that the spreading angle for the hypermixing ejector uozzle is ~ 12 degrees. Con-
ventional mixing corresponds to a spreading angle of about 6 degrees. For the geometry
under consideration, the following mixing lengths were computed:

Conventional mixing (6 = 6 degrees) L =20 inches

Hypermixing (6 =12 degrees) L 210 inches.

These computed mixing lengths are obviously estimates but do indicate the potential of
the hypermixing concept.

It is highly probable that,due to three dimensional pipe flow effects, neither of
these approaches is correct. However, it is reasonable to assume that the actual flow
process lies between these two limits. Therefore

Il!}jector Nozzle _ 0.707
l:’Mixer

0.50<

AT N

An objective of this program is to compare hypermixing ejector with ''conven-
tional" ejector nozzle performance. Marquardt under Contract AF33(657) 12146
evaluated a ''conventional' annular nozzle. In this test program

DEjector Nozzle _
D =0, 63.

Mixer
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This nozzle location meets our criteria and should be a valuable source of comparison,
Therefore, this location was selected for the design of the flight engine hypermixing
ejector. ’

b Previous hypermixing ejector nozzle tests operated with subsonic flow discharge
conditions (Reference5)., For the same scarf angle, it was reasoned that a supersonic
ejector nozzle would promote more rapid mixing than a subsonic nozzle. It, therefore,
follows , for the same mixing intensity, the supersonic nozzle scarf angle can be reduced.
Previous subsonic nozzle tosts evaluated this nozzle:

4 ' 0,10
38° =~

»

3 )
Somewhat arbitrarily, alternating supersonic nozzle segments of the flight engine hyper-
mixing ejector subsystem were scarfed 30 degrees. The design characteristics of the

flight engine hypermixing ejector subsystem are summarized below:

DEjector Nozzle 0. 63
DMixer
Dy tixer 8.54 in.

y DEjector Nozzle 5.38 in.
Nozzle Perimeter 33.8 in,
Number of Nozzle Segments 22
Nozzle Throat Height 0.017 in,
Nozzle Exit Height 0.100 in,
‘ Nozzle Segment Aspect Ratio 7.68
i" ’i Scarf Angle 30 degrees

Design details of the ejector subsystem are presented in Figure 16. Figure 17 shows
the ejector subsystem integrated into the flight engine design. The flight engine miver
length/diameter ratio was specified as 1,24,
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SECTION Vi1

HYPERMIXING EJLCTOR TEST ITEM DESIGN

To minimize test cost, the hypermixing ejector test program was conducted at
sea level conditions. By this is meant that the test item uozzle was exhausted to
atmospheric conditions {~ 14.2 psia). Exhauster operation, which is costly, is
required to reduce nozzle back pressure necessary for altitude simulation,

The test item was designed for the following conditions/specifications:

Simulated Flight Condition M, =0.7 at Sea Levelat¢ =1
Ejector Working Fluid Heated Air
Secondary Fluid Ambient Temperature Air
Prp = 300 psia
TTP = 1160°R
PP = I-"2 = 18.4 psia
Mz = 0.35
A, = 22.5 tn® (5.35 in. diameter duct)

For these test conditions, the secondary airflow rate is 5.70 lb/sec. With UDMH,

¢ =1,0 is equivalent to WS =9,19 , Therefore, the hypermixing ejector nozzle test
Wp

ftem was sized for a flow rate of 0. 62 1b/sec.

To reduce te:: costs, the primary working fluid was air, Heated air was
specified for the following reasons:

1) Increasing the total temperature of the primary increases the 3
ejector discharge velocity, resulting in increased jet compression '15?5 .
2) Freon*, in small concentrations, was to be added to the primary
fluid for gas sampling, A high primary total temperature avoids
Freon condensation problems,

Test hardware design, fabrication,and operation costs are significantly reduced
when non-water cooled hardware is specified. The desire for a high primary tempera-
ture was strongly tempered by this requirement. As a compromise the test hardware
was designed for a primary total temperature of 1160°R (700°F).

*In the experimental program, carbon dioxide rather than Freon was used as the
tracer gas,
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The design conditions specified above defined a total nozzle throat area
requirement of 0.147 in2. The design nozzle pressure ratio

Py
P\_

corresponds to a nozzle exit Mach number of 2.47 and AP/A& ratio of 2.56, The resultant
nozzle exit flow area 18 0,376 in”,

For the reasons presented in the flight engine ejector nozzle design discussion, :
an annular ring nozzle located where :

D:E]ector ﬁozzle _
D - o. 63
Mixer

was specified. Geometry constraints would not permit the ejector test item and the {
flight engine ejector to have both the same number of nozzle segments and segment :
aspect ratio. A decision was made to match the number of nozzle segments and let

the segment aspect ratio fall out. The resultant aspect ratio was 11,5, Nozzle segments
were alternately scarfed 30 degrees as was specified for the flight engine design.

The design characteristics of the hypermixing ejector test item are presented q

below: é
¥
D o
—Elector Nozzle
D 0.63 f
Mixer :
Ejector Nozzle Diameter 3.37 in,
Mixer Diameter 5.85 in, !
Nozzle Perimeter 21,17 in, !
Number of Nozzle Segments 22 ;
Nozzle Throat Height . 0140 in, ;
Nozzle Exit Height . 031 in.
Nozzle Segment Aspect Ratio 11.5
Nozzle Scarf Angle 30 degrees
Figures 18 and 19 present the design details for the ejector test item.
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SECTION IX

EXPERIMENTAL PROGRAM

1, HARDWARE FABRICATION

The Hypermixing Ejector Test Item was fabricated in Marquardt's experimental
shop. Photographs of the completed assembly are presented in Figures 20 through 23.
For proper orientation, the reader is reminded that the ejector nozzle throat height
and nozrle exit height are 0.014 inches and 0.031 inches, respectfully.

Three total pressure/gas sampling rakes were also fabricated and are shown
in Figure 24, In addition, three mixer spool sections were fabricated in support of

this program.
2. TEST SETUP

The test setup origiually proposed is presented in Figure 25. The mixer was
made up of varying length, constant internal diameter spools, joined at their flanges.
By interchanging or removing the constant diameter mixer spools, the length of the
mixer could be changed,and total and static pressure instrumentation could be relocated
to determine mixer performance best. Downstream of the mixer was a diffuser, a
plenum section, and exit nozzle to simulate components of the ejector ramjet engine.
Engine airflow was simulated by bringing in airflow from pressurized storage tanks
through suitable metering equipment. A flow straightening screen and setting section
length was provided ahead of the ejector spool section to provide a near uniform flow
profile to the test item. The ejector air supply was passed through a Sudden Expansion
(SUE) burner and Freon was envisioned as a tracer gas to be monitored in the mixer
to aid in determination of the rate of mixing of the secondary air and primary flow
systems,

Figure 26 is a schematic of the actual test setup utilized in Cell 7 of Marquardt's
test facility. This system was designed to provide a wide range of primary and secondary
flow rates as well as interchangeability of mixer components, The secondary airflow
system, the ejector test item, the interchangeable mixing section spools, diffuser, etc.
are largely unchanged from those initially proposed. The principle varistions from the
original plan were associated with the primary airflow system and involved the use of
a large SUE burner and the substitution of carbon dioxide (COp) for Freon as the tracer
gas as discussed in the following paragraphs,

In Figure 26, the straightening spool, the ejector test item, the first mixer spool
(L/D=2), and second mixer spool (L/D=1) are new hardware. The remainder of this
hardware was available from previous Marquardt test programs. Note that two exit
nozzle sizes and two secondary airflow metering venturis were used. For the smaller
values of secondary airflow (25 and 50% of design), it was desired that the venturi
remain choked for accurate metering purposes. The smaller venturi meter provided
this capability. The smaller exit nozzle was used to maintain a higher backpressure
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Figure 23. Hypermixing Ejector Nozzle Test Item, Extreme Close Up-~Rear View
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on the system at these low flow rates than would have been provided with the larger
nozzle. In addition, the use of this small convergent/divergent nozzle resulted in
the nozzle throat choking at total pressure levels (i.e., airflow) significantly lower
than those with a convergent nozzle.

The small SUE burner originally planned for the primary subsystem was not
available. A 3 x 6 inch facility burner was available but was judged to be unstable
for the low flow rate (design ejector flow rate = 0.62 !b/sec), pressure and temperature
conditions desired for the primary. The approach taken was to use the 3 x 6 inch
facility burner with a twpass duct plumbing arrangement as shown in Figure 26.
Stable operation of the burner was achieved by bypassing almost 90% of the total
flow to the atmosphere through a standard ASME orifice. The quantities of heated air
and CO2 delivered to the primary system were measured with separate venturi
meters. A venturi meter was also used to measure the secondary airflow, which was
unheated,

T e et

The reasons for substituting CO, as a tracer gas rather than the originally
planned Freon were as follows:

a. In reviewing the instrumentation requirements, it was concluded that
the minimum mixed (i. e., primary and secondary airflows) tracer gas concentration
should be apnroximately 5% by weight. With the design Wg/Wp value of 9. 19, the
tracer gas coucentration in the primary fluid is about 50™ by weight. It then follows
that the thermodynamic properties of the tracer gas can significantly influence the
ejector dischaige velocity and, therefore, the ejec.or pumping total pressure ratio.
Freon 12 has a high molecular weight and low specific heat ratio. Both of these
properties significantly reduce the ejector discharge velocity,as shown in Table XII.
Gaseous CO2 has thermodynamic properties similar to these of air, is low in cost, and
is readily available. As shown in Table XII, the performance of CO, is quite good.

b. It is a fact that Freon, when exposed to an open flame, can result in
the generztion of phosgene, u poison gas, In this test program, Freon would
have been injected downstream of the SUE burner where the air temperature is approx-
im.ately 1640°R. Granted that Freon would not be brought in contact with an open flame,
the question remained: Could this combustion process/high temperature air cause
phosgene to be generated? A limited library search and technical consultation were
inconclusive.

c. The gas sampling instrument (Beckman Infrared Dispersion Model) is
sensitive to COz in less concentrated mixtures than Freon, and {u fact was origi-ally

designed for CO,.

Thus, coasideration of test safety, ejector performance, tracer gas cost, and
availability led to the cecision io use gaseous carbon dioxide as the tracer element

fa the test program.
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Photographs of the test setup are shown in Figures 27 and 28, In Figure 27,
the main elements of the test item, including ejector section, mixer, diffuser, plenum,
and exit nozzle as well as the upright primary heater bypass system and duct to transfer
the heated air/CO2 mixture to the ejector section can be seen. On the left of the photo-
graph is the array of CO, gas sampling bottles, Figure 28 presents a view of these
same items (less gas sample rack) looking in the downstream direction. Figure 29
presents a better view of the gas sampling setup.

3. INSTRUMENTATION

Test instrumentation is schematically indicated in Figure 30. The secondary
airflow instrumentation system consisted of a venturi, measurement of the total pressure
for airflow calculation, and a throat static pressure to insure that the venturi was choked.
Downstream of the flow profile straightening screen and stilling section, the total pressure
(PTy) was measured with a five tube rake just ahead of the ejector system. Static pressure
was also measured at this station. A otal of 13 static pressure taps were located in the
mixer, diffuser, plenum, and nozzle section. 7'o identify these static pressures with
the various mixer spools, refer to Figure 31. This figure identifies the total pressure
rake locations as well as static pressure taps. The circled numbers indicate total
pressure rake siations; i.e., 1 identifics the total pressure rake just ahead of the
mixer, and the average total pressure at this station is PT1- There were four total
pressure rakes, three in the 5,35 inch diameter mixer duct and one in the 6.35 inch
diameter plenum duct at the exit of the diffuser. The rakes utilized equal tube spacings
in single spokes, as opposed to eaual area tube locations. The center tube of each rake
was located on the duct centerline. The tube spacing was 0.89 inches for the three rakes
located in the 5.35 inch diameter section and 1. 06 inches for the single rake located in the
6. 35 inch diameter section. All pressures were measured on direct reading gauges, and
photographs of the pressure gauge panels were taken for each test point for later data
reduction.

s ol o 2 g 1 o A

Note in Figure 30 that each of the mixer and diffuser total pressure rakes were
teed to the gas sampling bottles as well as to the .rect reading pressure gauges., Figure
32 illustrates the approach used in acquiring an individual gas sample. A probe inserted
in the stream was used for both total pressure measurement and gas sampling. This probe
was connected to a gas sample bottle through a series of valves, and the bottle was con-
nected to a vacuum. When the solenoid operated valves were opened, the sampling fluid
was drawn through the bottle. After an appropriate time span (10-15 seconds) the lower
solenoid valve was closed, and then the upper soienoid valve was closed, capturing a gas
sample within the bottle. The bottles were then removed from the rack by closing the
hand valves and disconnecting the hoses at the coupling,

The analyses of the COg-air mixtures from the sampling systems were performed
at Marquardt by using a Beckman Model 315A nondispersive infrared gas analyzer. Three
: of these instruments exist at Marquardt, and two were designed to sense gpecific pollutants,
' i.e., carbon monoxide, CO, and nitric oxide, NO., The third instrument was origtnally
calibrated for 002, and was recalibrated for these tests.
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Figure 32,

Gas Sampling Technique
65

A73-3-428-10

-

i

e e e e

S

" as i 42 e A



b L S 2 arC R
QAR AN R T RPN s M e s el il

Operation of the Beckman instrument, which is shown schematically in Figure 33,
is ba3zed upon the differential absorption of infrared radiation energy of a specific wave-
length in a refersrce and sample chamber. The gas in the reference cell does not absorb
this specific radiation, and the light beam will pass through this chamber to the detector without
depletion of energy. The equal light beam passing th.ough the sample chamber loses a por-
tion of its energy, dependent upon the concentration of the particular gas species in the
sample. These parallel light beams are then passed through both sides of the detector, R
which contains gas of equal concentrations of the particular species. The detector gases :
absorb radiant energy at the specific wavelength, raising the temperature levels of the
confined gas. Since the reference chamber absorbs no energy, this side of the detector
becomes hotter than the sample gas side. The temperzature differential produces a pres-
sure differential which deflects the diaphragm separating the two detector chambers.

This causes the detector to become a variable capacitor which produces a signal in response
to the species concentration in the sample gas. This signal is electronically conditioned
to produce a meter reading.

These instruments are equipped with two external calibration adjustments normally
used to compensate for component performance variations with time (for example, lamp
filament output variations over a period of years). The first adjustment is the zero adjust.
A sample known to be free of species which will absorb radiation at the same wavelength
as the detector is passed through the sample chamber and the instrument zeroed, The
second adjustment is used to set the instrument gain, A gas sample, containing a known
amount of a species which will absorb radiant energy at the specific detector wavelength,
is passed through the sample chamber, and the meter reading is adjusted (with the atten-
uator) to produce a preselected reading. Calibration of the instrument rcgponse for the
range of concentration of the species of interest is accomplished by using a number of
known gas samples of different concentrations and recording meter readings with the
zero adjust and attenuation adjust fixed. Once such a characteristic calibration curve is
obtained, the instrument can be set (zeroed and gain adjusted) for each day's operation i
by use of a single reference sample.

A sample pretest and post test calibration is presented in Figure 34. The cali-
bration shown is mever reading versus percent CO, by volume in air. This curve is
then converted to percent COy by weight in air by 5\3 appropriate molecular weight
relationships.

4. TEST PROGRAM

As discussed in a previous section of this report, the ejector test item design
flow rates were:

Secondary Airflow Rute, Wg
Primary Flow Rate, Wp

5.70 lb/sec
0. 62 1b/sec.

!

na

The design flow ratio Wg/Wp was then 9. 19 and corresponds to the air to UDMH
fuel ratio at stoichiometric conditions. Test conditions which varied the secondary flow
rate over the range of 256% to 125% of the design value were developed. Similarly, the
primary flow rate was varied over the range of 50% to 125% of its design value. The
resuiting Ws/Wp variation was from 1.8 to 18.4, The developed test conditions are
shown in Table XIII,
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Figure 33. Beckman Model 315A Gas Analyzer
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In order to evaluate the hypermixing ejector, the test item was firat tested
without scarfing the nozzle trailing edges, thus resulting in an annular nozzle which
by definition does not incorporate hypermixing. These tests were conducted with
design secondary airflow with the primary flow varied from 50% to 125%. The ejector
nozzle trailing edge was then scarfed in accordance with Section VIII, sad the tests were
run over a range of secondary and primary flow rates. Table XIV summarizes these
test runs together with those conducted for the annular nozzle. Note that the air meter-
ing venturi and exit nozzle sizes are indicated for each run, As stated earlier, smaller
sizes for these components were utilized for the 25 and 50% airflow cases.

It should be noted that for Runs 1 through 9, inclusive, the various inter-
changeable mixing spools were left in a fixed position, namely, that shown earlier in
Figure 26, All data for these testa will be shown for the instrumentation arrangement
of Figure 31.

5. TEST RESULTS

Typical axial static pressure distributions at 100% secondary airflow and for
a range of primary flows are shown in Figures 35 and 36, for the annular and hyper-
nmixing configurations, respectively. Station notation is indicated at the top of each
figure, together with the ejector nozzle trailing edge station. In each figure, the
local static pressure is divided by the average total pressure at station 1. It will be
noted that there appears to be little difference in static pressure rise mixing length
between the two configurations. The maximum pressure rise occurs at station 2,
which corresponds to a mixer L/D of 2,88,

e, et i

Figures 37, 38, and 39 present total pressure profiles at stations 1, 2,and 3
as identified in Figures 31, 35,and 36. Comparisons between the annular and hyper-
mixing ejector nozzles are again made at 100% secondary airflow for differing amounts
of primary flow rate in succeeding figures. At station 1 in each case, the flow was quite
uniform, showing the effects of the flow atraightening screen and section length ahead of
the ejector test item. At station 2, the approximate point of maximum static pressure
rise, the total pressure is somewhat distorted, with minimum pressure occurring at the
center of the duct and maximum pressure near the walls, At station 3, corresponding
to a mixer L/Dof 5.82, the total pressure distortion has reduced considerably but is
still present. In comparing the annular and hypermixing ejectors in these figures,
one finds very little difference. This conclusion was supported by static pressure dis-
tributions of Figures 35 and 36,which also showed little difference between the anaular
and hypermixing configurations.

Figures 40 and 41 present COp sampling data results at stations 2 and 3,
respectively. In each figure, the secondary airflow was at its design value, while the
primary flow rate was varied from 100 to 50%. Comparisons are again made between
the annular and hypermixing configurations and again the results indicate very little
difference between the shapes of the profiles.
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Comparison of all annular and hypermixing nozzle data led to the conclusion
that there was virtually nc difference in mixing rate between these two ejector con-
figurations, Shadowgraphs of the hypermixing configuration exhausting directly into
ambient air were taken over a range of pressure ratios*, These shadowgraphs are
presented in Figures 42 through 46. It may be seen that there is very little spreading
of the nozzle exit wake, and in fact it appears that, as the nozzle pressure ratio is
increased, the wake tends to move toward the centerline rather than spread outward.

Based upon the foregoing results, it was reasoned that the selected design for
the hypermixing nozzle did not provide a sufficiently large radial flow component to
be effective and therefore did not introduce the desired vorticity into the flow. A
proposal was submitted to the Aerospace Research Laboratories to modify the hyper-
mixing nozzle and run additional tests. This proposa! was accepted by ARL. The
following sections of this report describe this ejector modification and its experimental
evaluation.

The foregoing has presented only a brief review** of these initial test results,
sufficient to draw the conclusion that the original hypermixing nozzle design offered
little, if any, performance improvement over the simple annular nozzle. In discuss-
ing test results for the modified hypermixing ejector, additional test data for the
annular and hypermixing ejector (Runs 1-9) will be presented for comparison,

‘ * Ejector design pressure ratio is 19,3
: **Additional test data is presented in Appendix B of this report.
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SECTION X

MODIFIED HiPERMIXING EJECTOR DESIGN

The hypermixing ejector concept with two~dimensjonal subsonic flow exit nozzles
has been convincingly demonstrated by ARL in past test programs (Reference 5).
With the ejector ramjet engine concept developed in this program, the ejector subsystem
is annular,and the primary exit flow is supersonic. The annular ejector creates an axi-
rymmetric flow pattern but locally approximates a two-dimensional nozzle flow field.
Therefore, the supersonic exit is the fundamental difference between the ramjet ejector
and previous ARL tests,

With the hypermixing ejector design developed in this program (See Section VI
¢ this report) the radial or vertical flow component results from the nouvzle exit plane
giatic pressure differential. With this ejector configuration, the nozzle throat is
hori-ontal. The resulting flow pattern is shown below:

As discusrod in the precading report section, this ejector nozzle configuration resulted
in little, f any, increase in local mixing inteasity.

The ARL exit nozzle geometry was sgain reviewed. The baseline configuration
is shown below:

Scarfed Exit Nozzle
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In particular, it should be noted that the nazzle throat centerline i3 inclined to the
horizontal axis. Marquardt/ARL discussions led to the conclusion that the nozzle
throat of the supersonic ejector nozcle should also be inclined. Several ejector nozzle
configurations, which inclined the nozzlie flow axis to the horizontal axis, were developed.
Fi ure 47 describes the selected configuration, The nozzle flow centarline axis is

in lined 15 degrees to the horizontal; therefore, a large radial or vertical velocity
component will result. Furthermore, adjoining nozzle segments will create large
vertical velocity differentials, resulting in zones of intense interaction. ARL's test
experience indicates that these intense local flow interactions (i.e., stream vortices)
are basic tu the hypermixing concept. It should also be noted {n Figure 47 that this
cortiguration provides for flow splitting at the juncture of adjoining nozzl segmenis.
In addition, this configuratica results in a smooth exterior geometry.

The reeulting ejector nozzle cornfiguration is mechanically more complex than the
ini*ial design but can be machined by using conventional techniques, The small nozzle
8i- = is more of a constraint than nozzle geomeiry.

In the ejector design presented in Figure 47, the existing ejector was modified
to _ncorporate this design approach. The nozzle secticn of the initial ejector design
wa 7 cut away, and the new nozzle section was welded to the existing hardware. It
sheald be noted that the ejector radial location, number of nozzle segments, nozzle
throat area, and nozzle segment aspect ratio did not change from the Initial design.
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SECTION XI

MODIFIED HYPERMIXING EJECTOR EXPERIMENTAL PROGRAM

1, HARDWARE FABRICATION

LA LR )

The Modified Hypermixing Ejector Test Item was fabricated in Marquardt's
experimental shop, Compieted acsembly photographs are presented in Figure 48 and
Figure 49, No additional hardware was required.

2. TEST SETUP

The test setup used to evaluate the initial hypermixing ejector design was also
used to evaluate the Modified Hypermixing Ejector. This setup is fully described in
Section IX of this report. Figures 50 and 51 are photographs of the Modified Hyper-
mixing Ejector Test Item installed in Marquardt test cell 7,

3. INSTRUMENTATION

The test instrumentation system used to mecasure the performance cf the initial
hypermixing ejector design was also used to evaluaie the Modified Hypermixing Ejector,
This test instrumentation system is described in Section IX of this report.

4. TEST PROGRAM

The Modified Hypermixing Ejector was evaluated over the range of 50% to 125%
of the primary design flow rate, The secondary flow rate was maintained at its design
value. Nominal test conditioss are summarized in Table XV, A test run summary is
presented in Table XVI, As discussed in Jection IX of this report, three mixer spools
and iwo mixer total pressure rakes could be arranged in several different test configura-
tions, The mixer spool configuration for eacl: test run is presented in Table XVI. The
location of the total pressure ralies and static pressure taps for each test run is presented
in the following subsection of this report.

S. TEST RESULTS

Axial static pressure distributions for the Modified Hypermixing Ejector nozzle
configuration are shown in Figures 52 through 54. As shown at the top of these figures,
the constant diameter mixer spools and the two forward total pressure rakes were
arranged in several test configurations, Note that total pressure rake 3 for the initial
ejector nozzle configuration (Figure 26) has been moved forward und renumbered 1, 5.
In comnparing these static pressure distributions with those for the annulayr and initial
hypermixing nozzle configurations presented earlivr, it is noted that the maximum
static pressure rise is achieved in a much shorter distance with the modified hyper-
mixing ejector design. The test configuration shown in Figure 53 is believed to offer
the best test instrumentation location to determine this pressure rise,and it may be seen
that the peak static pressure rise occurred at about station 13* rather than at station 21%*

*Wp/Wpp = 100%
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for tne initial hypermix and annular nozzles, Also, it is noted in Figures 52 and 53

that the static pressure decreases beyond about station 17.5, indicating that for these
configurations the mixer is too long and that viscous losses are beginning to build up.
Figure 54 with the shortened mixer length does not show this characteristic and indicates
a higher static pressure ratio at the end of the diffuser, which is the result of eliminating
these viscous losses.

Figure 55 presents a comparison of the axial distribution of total pressure in the
mixer for the annular ejector nozzle, the initial hypermixing ejector design, and the
modified hypermixing ejector design. This comparison is based upon nominal design
conditions for voth the primary flow rate and secondary flow rate. In addition to
presenting the averaged rake total pressuve data in the mixer and diffuser,
shown as open symbols, total pressures computed from measured static pressures
and continuity relations are shown as solid symbols. Conclusions that were drawn
from these results include:

1) The maximum total pressure recovery in the mixer is essentially
identical for the annular and initial hypermixing nozzle configurawv.ouns,
thus supporting previous observations,

2) ‘i’he maximum total pressure for the annular and initial hypermixing
nozzle configuration occurs approximately at station 21 (15,5 inches
downsiream of ejector nozzle trailing edge).

3) The maximum totai pressure for the modified hypermixing ejector
configuration occurs at siation 13, indicating the reduction in mixing
length achieved with the modified design.

4) The absolute value of maximum total pressure achieved between the
initial an! modified hypermixing designs cannot be compared directly
inasmuch as this parameter is strongly affected by actual test conditions.
It should be noted that the notation WP/WPD =100% or Wg/Ws_= 100%
repregent nominal values, and the actual values may vary + 5%.
Comparison of total pressure pumping ratio and mixing efficicncy
between ejector configurations is presented in this report section.

In discussing Figure 55, the question might be asked about fairing the data
curves through the siatic pressure-continuity values rather than the total pressure
rake data. In addition to there being more static pressure data, the averaged
total pressure rake data tend to give erroneous values when the flow is
not uniform. In the initial sections of the mixer, an arithmetic average tends to p
underestimate the total pressure since the lowest reading tubes represent a small <
percent of the total flow area or mass flow, On the other hand, with long mixing |
L lengths, a turbulent flow profile characteristic is developed, and an arithmetic average
i tends to overestimate the total pressure by not accounting for the large percent of area
v and flow developed near the walls.

[RER VS,
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Similar axial total pressure distributions are shown in Figures 56 and 57 for
the annular and initial hypermixing ejectors, respectively, over a range of primary
flow rates. It will be noted that the required mixing lengths for both configurations are
similar, supporting the earlier conclusion that the original hypermixing ejector
offered no advantage over the auniiar ejector, Note that at the low primary flow rate
both ejectors achieved the maximum total pressure at about statiou 11, whereas for
the higher primary flow rates this maximum was delayed to approximately station 21.
With respect to maximum total pressure level achieved, it should be noted that these
levels (PTy,,./PT4), as a function of secondary to primary flow rate (Wg/Wp), are
essentially the same between the annular ejector and the initial hypermixing coafig-
uration except for Wp/Wpp= 125%. Nominal test conditions were not achieved with the
annuiar ejector (Runs 2-23)in that only about one half of the desired COgwas delivered to
the primary. Had nominal test conditioas been achieved, it is bslieved that the pressure
rise for the annular ejector would have increased to that achieved for the initial hyper-
mixing design.

y
!

T T SRR TN

Figure 58 prusents similar data for the modified hypermixing ejector for a range
of primary flow rates. As noted earlier, the maximum total pressure was achieved
with shorter lengths, and, unlike the results presented in Figures 56 and 57 for the
annular and initial hypermixing design, the 1aixer leagth for maximum total preasure
rise did not change appreciably with primary flow rate over the range of Wg/'Wp tested.

The effect of varying secordary airflow at constant primary flow could only be
determined for the initial hypermixing ejector configuration, (See test conditions in
Table XIv ). These data are presented in Figure 59. Over the range of Ws/Wp
covered, the length required to reach maximum total pressure varied little. It
will be noted that the maximum total pressure ratio g:uerally decreased as the value
of Wg/Wp increased. An apparent exception to this rule is observed, however,
inasmuch as the pumping ratio for Wg/Wp = 6. 63 exceeds that for Wg/ Wp of 4, 76.
However, a large» exit nozzle was used for values of Wg/Wp 2 6.63. The Mach
number into the mixer has correspondingly been increased, which increases jet
pumping. Increused jet pumping with increase in M; is shown in Figure 60, where the
maximum total pressure achieved in the mixer is plotted vereus a correlation parameter
involving M) and W, ‘'Wp. As may be seen, this correlation applies with good accuracy

to the annular ejector, initial hypermixing ejector nozzle, and modified hypermixing
ejector.

Figures 55 through 58 provided the necessary information to define the mixer
lengths required to achieve full mixing, The mixer lengths required to develop maximum
mixer total pressure and to develop 95% of this pressure rise ware determired. Figure
61 compares required mixer length data (in terms of mixer length/diameter ratio) for the
annular, initial, and modified hypermixing ejectors, It clearly shows the majer reduction ]
in required mixing length discussed above, At the ejector design point, the required §
mixer length was reduced approximately fifty percent. In addition, the data of !
Figure 61 supports the general conclusion that there was little difference between the ‘,
annular and injtial hypermixing ejector designs. }
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Merquardt had previously conducted several ejector/jet compression teat
programs under U, 8, Air Force sponsorship. As a result of this work, required
mixer length wag correlated s a function of the number of primary nozzles, the
primary exit Mach number, the secondary/primary flow rate ratio (Ws/Wp),
primary/secondary total temperature ratic,and mixer/ejector geometry. Figure 62
compares this experimentally derived mixer length correlation with the mixing
length data obtained in this program. With the exception of the Wp/WpD=50% data
(i.e. large correlation parameter) the data .obtained in this program compare
well with the previously developed correlation. At the Wp/WpD = 50% test
conditions, the ejector nozzles may have experienced flow separation. Test instrumen-
tation did not permit resolution of this question,

As a summary presentation, Figure 62 contains the following:

[ The modified hypermixing ejector mixing length
data obtained in this program.
® Marquardt's previously derived mixer length correlation.
® Mixer length data from several previous Marquardt test programs.

Data are shown for one, four, eight, and thirty-six primary nozzle
ejectors. In addition, data for the annular ejector* tested under

Contract AF33(557)~12146 are presented.

Mixer efficiency is a measure of total pressure and momentum losses in the

ejector nozzle/mixer. In order to determine the mixing efficiencies achieved in

these teats, actual test conditions were used as Marquardt ejector ramjet performance
computer program input, and mixer efficiency was parametrically varied until a

a pumping total pressure rise that matched the experimental data was achieved.
Typical results for the annular norzle are illustrated in Figure 64, These data indicate
an achieved mixing efficiency value between 98.5 and 99%. These values are consistent
with previous experimental data and verify the 98.5% assumption used to predict ejector

ramjet performance,

Similar mixer efficiency dsta for the initial hypermixing configuration are shown
in Figure 65. The data again fall between 98.5 and 99%. Finally, -ata for the modified
hypermixing ejector design are presented in Figure 66. Althcugh some difference in
shape of this curve with the two previous curves exists, the general result is that the
mixing efficiency is about 99%. The conclusion then is that use of the hypermixing
nozzle to shorten the length required for complete mixing does not introduce additional
pressure losses into the system. It is probable that the reduced length results in reduced
friction losses in the mixer, thus offsetting the mixing/shock losses incurred with the

hypermixing ejector design.

— :
* Zejector nozzle -\ g3 (See Section VII of this report .)
Dpixer
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Finally, Figure 67 indiczies the mixing efficiency for a large range of
secondary flow rates with constant primary flow for the initial hypermixing config-
uration, Two distinct curves are seen, where one produces the familiar 98, 5-99%
mixing efficiency value, while the second provides mixing efficiencies of greater
than 99.5%. This second curve applies (o the low mixer islet Mach number data
discussed previously, resulting from use of & small exit area nozzle. Thie result
indicates that mixer inlet Mach number, M;, should be low for high mixing efficiency,
while previous data (Figure 60) indicate a lower pumping pregsure ratio as M; is
decreased.

Total pressure profiles for the annular, initial, and moditied hypermixing
ejector are compared in Figures 68, 6S,and 70, Inthese curves, the primary and
secondary flow rates were nominal design values. The conclusions drawn from study
of these curves support the previously presented test analyses and, thereiore, are
not reported here,

Appendix C of this report presents additional total pressure prufile data. In
addition, this appendix also presents carbon dioxide profile data. The CO, profile
data support the test analyses/conclusions reported ahove ard therefore are not
presented in the main body of this report.

It has been established from the achievement of maximur: static and total
pressure rise in the mixer that the required mixing length for ihe modified hyper-
mixing ejector occurs between axial stations 13 and 15. At these stations, the flow is
ool uniform. This is illustrated in Figures 71 and 72. In Figure 71, the COp distortion
factor f' is plotted versus mixer axial station, where "f'" is defined by

f'_ Jmax - fmin

A given quantity of CO; was injected through the primary nozzle. If the flow were
completely mixed, the weight percentage of COy would be constant at a value

-
Wp-i-WS
and f' would be equsl to zero., Values of f' greater than zero then are a measure of
nomuniformity of the injected COp across the mixer. In Figure 71, f' starts outata
high value at the ejector nozzle exit, indicating nonmixed flow, and then decreases
almost agsymtotically with mixer length.

Figure 72 presents similar total pressure distortion data as a function of mixer
length. Here the distortion factor was defined as

, PTax” ¥ Tmin
PTave
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The shape of this curve is similar to that of f', and serves to illustrate that the

length required for complete mixing is a function of the parameter chosun, i.e.,

static pressure, total pressure, total pressure distortion, etc. For ti. “uipuge

of ejector ramjet engine design, the length required for maximum total pressure

rise is the most meaningful parameter, inasmuch as engine performance and efficiency
iacrease with pressure while not being particularly sensitive to flow distortion., The
length provided by the diffuser will provide additional mixing, thus reducing total
pressure distortion and f !, and at the same time increasing combustor static pressure.

A sample indication of diffuser performance is given in Figure 73.
Ideal and measured total and static pressures across the test diffuser are shown for
design airflow and primary flow values. The total pressure recovery across the
diffuser was 0. 991 compared to the ideal 1.00. For a diffuser entrance Mach number
of 0,361, the diffuser efficiency is 89%. This efficiency was established by using the
results of Figure 74. A diffuser efficiency of 90% was used to estimate ejector ramjet
performance. Based upon this limited analysis, the 90% diffuser efficiency value
appears to be warranted,

The foregoing results indicate significantly improved mixing with the modified
hypermixing ejector design. Shadowgraphs were taken of the flow at the exit of the
modified ejector nozzle dumping into ambient air over a range of pressure ratios.
These shadowgraphs are presented in Figures 75 through 80. In comparison to the
shadowgraphs for the initial hypermixing ejector design (Figures 42 through 46), the
modified design provided distinct radial flow patterns which by alternating the direction
in and out provided the necessary vorticity to increase rapidly the rate of mixing,
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SECTION XII

CONCLUSIONS & RECOMMENDA TiONS

Six fundamental conclusions were drawn during conduct of this program. ‘Thesz
conclusions are presented below.

e

1. The specified engine operating envelope was Mach 0.70 to 0. 90 from
sea level to 30000 feet altitude. The engine design point was taken as Mach \
0.75 @ 20000 feet altitude. Three ejector ramjet engine cycle variations

were evaluated at the design puint : 1) Fuel addition - mix/diffuse/burn; 2)

Fuel addition - simultaneous/mix burn and 3) Oxidizer addition. Tuc iuel
addition~mix/daffuse/burn cycle was clearly shown to be superior. The

selected fuel was unsymmetrical dimethylhydrazine (UDMH).

2. A preliminary design of the fuel addition-mix/diffuse/burn engine was
established by using realistic component efficiencies and UDMH thermo chemical
properties. Engine performance was estimated. At the engine design point,

the ejector ramjet produced about twice the thrust of a conventional hydrocarbon
fueled ramjet with a small penalty in specific fuel consumption. 1t is

believed this engine can be developed with a suitable program.

3. The initial hypermixing ejector design developed in this program was
annular in planform, the ejector nozzle centerlinie was parallel to the mixer
centerline and the supersonic exit nozzle was scarfed in alternating nozzle
segments to create the desired vorticity. Tests of an annular ejector and the
hypermixing ejector showed little, if any,difference in performance. Performance
was measured in terms of mixing length required for full mixing and mixing
efficiency. Mixing efficiency is a strong indicator of the ejector nozzle thrust
coefficient (i.e., nozzle efficiency).

4, The initial hypermixing ejector configuration was modified to incline
the ejector nozzle centerline 15° to the horizontal mixer centerline. All

other ejector design characteristics were unchanged. The mixing performance
of this ejector was outstanding. The length to mix fully was approximately
50% that of the annular and initial hypermixing designs. At the ejector design
point, full mixing (maximum mixer total pressure) was achieved in 1.7 duct
didgmeters. To achieve 95%of the maximum mixer total pressure required 1.3
duct diameters. The mixing efficiency of this ejector configuration was equal
to that of the annular and initial hypermixing designs, i.e., 98.5 to 99%.

5 The required mixing length for the modified ejector design correlated
I well with previous Marquardt ejector/ejector ramjet test data. Ae pointed out ;
above, at the ejector design point, full mixing was achieved in 1.7 duct diameters. i

b
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_ It is interesting to note that, while maintaining ejector geometry/test conditions,

approximately sixty individual planar rozzles:is required to achieve the same
mixing length, This relaticuship was developed from prior Marquardt test
experience.

6. The use of hypermixing ejector technology has demonstrated a short,
light weight,and relatively simple ejector /mixer which meets the requirements
of a. attractive ejector ramjet engine.

Two recommendations are made for future work.

L. The modified hypermixing ejector performed quite well, but this design
was not optimized. Further experimental work should be undertaken to refine/
optimize this ejector design concept for supersonic primary exit condifions,

2. Additional applications of this ejecﬁor technology should be considered.
Two specific examples are: 1) Ducted Rocket solid fuel gas generator primary
nozzle(s) and 2) Boundary layer energized large angle subsonic diffusers.
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2 ABSTRACT

2N l

; A summary is presented of the results of an experimental inves-
tigation to determine the operating characteristics of unsymmetrical
. dimethylhydrazine (UDMH) as a monopropellant. Smooh, reliable,
: thermal decomposition was obtained with a chamber having a char-

acteristic Jength (L°) of 5000 in. At this L®, tests were made over
a chamber-pressure range of 50 to 600 psia. The characteristic veloc-
ity (c*) at 300-psia chamber pressure was found to he approximately
3200 ft/see. Also investigated were: (1) the catalytic decomposition
of mixtures of UDMH and hydrazine, (2) the thermal decomposition
of UDMH at L°® values of 2115 to 8000 in., (3) the thermal decom-
position of UDMH utilizing regeneratively preheated fuel, and (4)
( the thermal decomposition of UDMH uiilizing supplementally pre-
heated fuel. Testing under this latter condition permitted operation

' at L°® values as low as 368 in.

g Exhaust gases were analyzed, and an attempt was made to deter-

mine quantitatively the carbon content of the exhaust products.

! !
.- I. INTRODUCTION
? Interest in  unsymmetrical dimcthylhydrazine as a  the mast interesting aspects in the utilization of UDMH is

) rocket fucl has increased quite 1apidly since it was 83t that. in addition to possessing reasonably good theoretical 3
: praduced in veasonable quantitics a tew years ago.  hipropellant perforimance (Ref. 1), it is thermachemically :
b Undoubredly, the greatest incentive for detailed evalua-  anstable, which should permit its we as a monopeopelant. ]
: ::::‘ :f“::“" n(“s::'w‘:”b;ﬁi }:::l.‘“‘" l:ah:t :‘::;“::‘"m The freezing point of UDMH s 71 F (compared !
b po Quud-peope a ) with ‘1.5 F for anhvdrous hydrazine), amnd it was prin. §
; i , . ] cipally this freezing-point advantage which kad to sev- ‘
T ool ween s o e Bt vt o e smeeticatun o the deity o UDA
‘r of the goslts was reutricted 10 intermal uee, as 4« momgwopellant The theral stabulity of VDN !
£ !
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was tested at the Metatectso Corporation (Ref. 1) by

epengg its vapar to i heated wire: there was no asdible

o visdhle veaction even at white beat. Hydrazine vapors
under similar conditions ignited rather violently, The
Naval Orduance Test Station (Ref. 2) found that, after a
duration of one second, UDMH vapor at 10 ol liter in
nitroggen was partially decomposed at 450 C and com-
pletely decompnsed at 500°C.

Acropt-Ceneral Corporation (Ref. 3) states that UDNH
heatedd slowly in a stainless-steel homb does not decom-

pose explasively below 675°F (387°C).

Griffin (Ref. &) of Olin Mathicsor Chemical Corpora-
tion reported onan attempt to operate UDMH as a mono-
fuel gas-gencrant in a4 small-volume, large-L° reaction
chamber. This attempt was unsuccessful. and it was con-

Reproduced from %

best available copy.

cluded that use of UDNMH as o suonoprmsellant was
doubtful. Griffin alwo reportad some calenlated perforn-
ance vabnes for UDNTHL assning that it woulkd aperate as a
woopropellant: 1, 1S0secand T, 2257 F. This e
temperature is considerably hivler than desiralle for most
monopropellant gas-ceneration applications. This potential
diorteoming of UIWH gave Griffin further douls as to
its applicability s & monopropellant gas-generant.

I an eaperiment at the Jet Propulsion Laboratory,
Grant (Ref. 4 peported o o typical monopropellat.
hydrazine catadvtic decomposition clamber operating an
a mistare of UDMH with 10 w4 hisdrazine for abont
6 soe. The teaction was initiated Ly fisst operating the
chambeer on pure by drazins: alter 10 s the sisture wan
introchuced. Approvinatels 30 atteanpts nde to duplicate
this experiment were withont success,
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With the hackground described in Sec. 1, an experi-
auntal program was initiasted. The program had the
fullowing abjectives: (1) Determine whether or not
UDMH coukd be made to operate reliably as a mono-
propellant, and if so. (2) investigate the operating char-
acteristics of UDMH under various conditions.

A. Monopropellant Yesis with Hydrazine—
UDMH Mixivre

In as such as the results of the previous investigators
had inddicated the potential difficuity of operating UDMH
as o monapropellant, a serics of experimonts was casried
out (o determine the extent to which hydrazine could be
dilutexl with UDMH and still supp.ct decompesition in
a typical h drazine-gas generator. Grant had already
shown (Ref. 4) that, ander conditions suitable for hydra-
zine, a wixture containing 9% (by wt) UDMH appeared
to be bevond the mit of reproducible decomposition.
A misture containing ¢ concentration of 937 UDMH s
required in order to abtain @4 --40°F frevzing point
(Fig. 1).

The subject experiments utilized the gas gencrator
shown in Fig. 2 the internal construction of the genera-
tor is shown in Fig, 3. The chamber (8 in. long > 1.8-in.
ID with liner) was filled with hydrazine-<lecompasition
catalyst,’ 1H-A3 or H-7, which was electrically preheated
to frosn 1000 to 1800°F. The fue] mixture was sprayed on
top of the catalyst bed by means of a hollow-cone spray
injector. The L’ was 1038 in.; chamher-pressure and fuel
flow-rate mcasicements pwovided data from which ¢
vahus wage caloulated. Chamber preasure was main-
tainexd at appeocimately 200 pris. Experimental resulis
under these conditions are shown in the left-hand portion
of Fig 4. Ax this scries of tests progressed, it hecame
apparent that carbon formation in the catalyst bed would
limit the estent to which UDMH could be substituted
for hydrazine in the feod mixture, The amount of carbon
left in the hed alter cach test ineveased with increasing
COMIE comcentration antil, at 47 UDMH, the decom-
ponition peaction coukl not he naintained for the usual
4-min test duration,

T Thewr catalyde cvist of inn, nickel. and cobalt sipported on
Wi, In thee caw of H-A-1 the alumina w activated, i H-7,
tive abumuna o fused (Raf. 3.

CONSIOPWTTIRT
b rvhind o sl
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ANSVMMETRICAL DWETHYLHYDRAZINE 4 WVDRAZINE, ot %
Fig. 1. Melting Peints of the UDMH-Hydrazine Systom

By removing the catalyst, increasing the initial pee-
heated chamber temperature to 1900°F, and increasing
the L° (smaller nozzle diameter), it was possible to con-
tinue monopropellant operation: with increased UDMH
concentration up to and including 1008 UDMH. The
rosulting  ciperimental  performance is ploited in the
right-hand portion of Fig. 4. '

The experimental ¢* and T, for pure UDMH decom.
position are compared with theoretical valies caleulated
on the hasis of chemical equilibrium and assuming final
rcaction products of H., N,, CH,, NH,, HCN, and C
(heat of formation ), for UDMH + 1272 kcal/mol).

UDMH Decompasition (300 peia)

Experimental Calculated
c®, ft/sec 32220 3680
T.°F l_!ﬁ 14687

Uncler the same conditions of pressure and  theoretical
reaction temperature, the caleulated ¢ for hydrazine: is
4185 ft. see. Thus, & 124 decrease in ¢ hased on theoreti.
cal calenlations was (o be expectod apon going from
hydrazine to UDMH gas-generator operation; whercas,
a 227 decrease in ¢ was experivuntally observed.

"The dowm;-n;im'- tovnpwratore of lm{uﬁu} van e comtenlled
‘v osarying thee catulhvat tued depdl Tongwaatuve of 14687 F con-
vespumuls tn 7433 atonronig dliswu ratuen ARt 5
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Fig. 4. Perfermonce of UDMH-Hydrazine Mixtures

8. Monopropeliant Tests with UDMH

Having found that UDMB wonld perform as 2 mono
propellant sunder contain conditions. it remained to study
be effect which variations in these comditions wonld
have on its performance. The offects of changes in cham-
ber prossure, Lo, and fucl-injoction state; i, liquid or
vapor. were determined,

1. Unheated fuel

a. Effect of chamber-pressure on performance. A num.
ber of monopropellint tests were made with UDMH at
chamir pressures from 50 to 600 psia. The n‘sultmg
chamber temperature and o values {average of 4 tn 22
tests at 4540 to 5090-in. L*} are given in Figs. 5 and 6
and Tables 1 and 2. For purpases of comparison, the

Table 1. Experimentally Determined Values

of Characteristic Velocity for
Monopropellant UDMH
T
Cheracicristic Velacity
Chamber ! "/ nae
l"':f“‘ 1340.50%0) 3es0ia. | 20700, | 2115
100 NN | nsewm | sy
200 313510 | 3600 | 2085(4) | 3160¢t) | 2090¢n
00 | 223418 ] 319622 | 064 | mon | 0y
00 3 N | wsen 2000 ()
300 ’ 1364 187(8 | e
0o | ansy 3270 | 1Y 30% ()
i Mlnuﬁw . Wd viduol 490 posuits which
! -':Jun - 9D prm d'n- apm inyl «h.-t- BOArD hawrn W ndiviave! {
M

Table 2. Measured Values of Reaction Yemperature
for Monoprepellont UDMNM :

Reaction Tomporature
Chamber i

Fresswre te 1e o o e
sueiZ30) |7970-0000 4340-50% | 2060 in. | 2070 10 | 2115 1.
. »

100 N8 1246 (8) 1184 (1)
1264 (6) 125600 | 12850 | 123013 ] w203n)

200
300 1252 (35) sy 1244 (5) | W202(N | 'O v 4D
400 1267 (9) 1254 (35) 1303 () 127230
500 1299 (7} 1321 (%) 113 (4)
[ ] 1204 (4) 1322 ¢4} 20
Moyl ylpraverag Bt e aelly fonsibog re e g B
rosuits 00 ¢ 30 puio of the i chamber p .

theoretical values calculated on the basis of thermo-
chemical a'thhruun at 73, 3K, aned GO0 paia are inchwded
in Figs. 5 ad 6 .md tabulited in Tablke 3.

It is evident from these curves that thermochenical
equilibrium is not attained. Theoretical clumber tem-
peratures ranged mvor 0 F hetween 7S aid 600 psia;

THEORETICAL
,4/
.é.‘
<
g
s
2
g A <r
4%+ 4940-3000 »
i EXPERINENTAL
° 100 200 300 <0 80 00

CHAMBER PRESSURE., 02 (7500
Fig. 5. UDMHM Perfermance (Unheated Fucl Feed), ¢ ve p
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sesef Even at 2115-in. L', chaminr-presaure fuctuations made

CHAMBER TEIERATURE 1,
3
-3

£5+4340-3080
'300 = EXPERIMENTA, S
socy W0 100 300 &0 500 00

CHAMBER PRESSURE, peve (2500

Fig. 6. UDMHN Perfermence (Unheated Fuel feed!, T. vs p.

whereas, alaerved  temperatures changed  only  aboat
75 F. Undoubtedly, errors of temperature measurement
are involved also; the temperatures were measured by
weans of @ hare chromel=alumel thermacouple located
in the center of the chamber, The esperimental axd
thearetical ¢ curves show better agreement in shape or
amennt of change over the 100- to 600- psia range. but
the measured valies are about 500 ft see lowver than
theoretical values,

On the basis of actoal esperimental resalts, it is evident
that changes in chamber pressure over the rangte insesti-
sated have a small, bat detectable, effect on performance
of UDMH as a monapropellant.

b. Effect of 1 on performance. Althongh most of the
UDMH testing was done at 4540- to 5000-in. 1", tests
wore albvo made at 2118, 3870, 36860, and 7870 to 8000 in.
Averaged results are included in Tables 1 and 2. No
trenad in chamber temperature or ¢* values could be
detectedd for the L rangte investigated. Monopropellant
operation conld not I oxtended below 2115-in. 1.°.

Yoble 3. Cakulated Performonce of UDMH
as a Meneprepailont”

Chaxrber Pressure
Parameter pele
‘ s 00 e
... 0.0 1" 1248
1. s 1224 " 1536
RPN Yo 3400 3490 s
1o v0t n 90 114

—_—
'I.m It u.u.uu-.mo ~nn|-o-amm
L ehemuel savlibe . ond Praduits are W, N, CH., NN, NCH, ond €

operation routh, amd tests were himited to shoet duration.
At 300-psia chamber pressure, average ¢* values varied
irregularly from 3064 to 3238 ft ‘sic over the L* range of
2115 to 8000 in., ul chamber temperatures varied from
1244 to 1282°F.

Hewee. within the limits of accuniey involved in the
UDMH evperiments, there was o detectuble consistent
effect of cluntes in charactecistic chamber kength (1)
from 2115 to SO0 in. on ¢ or chamber temperature. How-
ever. as L was decreased. clumboer-pressure fluctuations
increased.

2. Heated fuel. The possible cffeet of prehwated UDMH
on monopropellunt performunce wis inventigated using
(1) heat from the decomposition reaction to heat the
UDMH. and (2) heat from the decompasition veaction
plus supplementary beat from an-zaxiliary souree,

a. Operation with regencratively Heated liquid injec-
tion. A regencrative-heating system was fabricated by
wrapping the dvmmpmitinn chamber with stainless-stecl
tubing, as shown in Fig. 5. The UDMH passd throueh
this coil from the bottom to the top of the chamber
collecting heat trunsmitted to it from the.decompeosition
zome, The heat had passed throngh a Yein, coramic liner
awid two stainlessestee]l walls of 0,153-in. total thickness.
The heated fuel then went direetly to the holhow-cone
spray injector; the injector pressure drop maintained a
high cnonich pressure upstream of the injector to kaep
the UDMIT in & liguid state. At flow rates of 0.008 to
0.015 1b s, food temperatures of 170 to 306 'F were
recorded for the heated Jiquid UDMH.

Initial (preheated) chamber temperatures wore fomxd
to be quite critical in starting th» gas generator when
using the regencrative-fuel coil. Optimum tarting tem.
peratare, as indicated by e bare chrogwli=alumel ther-
mocnniple. was determined by experieace to be from
110 to 1200 F. At hicher dempiratures, decompsition
in the coil was likely to occur, and conld ot be moved
thrangh the injector into the chamlwr by increasing
UDMH tank pressure.

UDMH-performance data ¢ and T.' under
regenerative-heating comditions Jiguid states are listed
in Table 4 amd ¢ values aze plattedd in Fig. S, 1t can e
wenn i Fig 8 that setenerativee heatmg T @ minor
effect on e AL e o clambuer prosaires of comprarnison,
N0 ad UM for Jupudatate e tion rogeneratine
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Table 4. Experimenially Determined Monsprepel-
lont-UDMH Performoance Ulilising Regensr-
atively Heated Liquid Feed"

T T T P e e Ry
TR SN A .- .
t Paatic pEsk b L SR o a b e T

3

Fig. 7. UDMH-Decemposition Chamber with External
Regenerative Fuel NHeater

COMLLD NPt
URCLASSITHD

. Ne. of
Chamber Prossure | Average c* Anl?..c'fc Tests
sela (250 N/ Averaged
20 2230 T A
%0 3333 108 40 6
"o = OWIW s, -
Sigte: Averapet inslude ol individual sosvin to 90 puin of the sam-
inal dhamber prossure shown.

5 3400 l

E L » 4340-5320 in. |
s o

r $300p - “.-69 > ‘
8

¥

'-;f 32 VAPOR

g - T wmﬁb LIW

F:3 "“ooo 200 ) 300

CHAMBER PRESSURE, psie (230)
. 8. EHect of R Fuel
Fig WW Hooting an

operation resulted in ¢ increases over that for unheatad
liguid feed of approximately 100 ft/scc. It is pastulated
that this small ¢ increuse resulted from reduction of
over-all system heat loss,

b. Operation with regencratively heated vapor injec-
tion. In the course of operating a UDMH-gas generator
under vaporized-injoction conditions, foaar design madi.
fications were made in order to provide (or improved
vaporization. First, the bollow«one speay injector was
removed and a restriction was placed in e fued tubing
immadiately in front of twe Tnsating oil, This seduction in:
injection pressure to nominally that of the chamber pres.
shre permitted vaposization to take plice at temporatunes
reached in the heated-liguid-injection espuegiments,

Second, revistance to feat flow frsn decomposition
somee to incoming UDMH was seduced by o redenign of
the electrical heating swstem v as to eliminate gl
ceramie liner, Tostead of the hier, o centeal eoremic oo
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Fig. 9. UDMN-Decompesition Chamber, Nichrome Ceoil Supported on Lava Core

was supported in the chamber and bheating wire was
coiled around this, as shown wn Fig. 9,

Third, improvement in heat trunsfer resulted  from
replacing the oxternal regenerative (oil with an intermal
wil. However, a chambar section made up in this manner
tillusteated in Fig. 10) could not e us<d as the primary
UDMiL-decomperition zone since the more rapid extrac:
tion of heat quickly stopped the reaction,

The fourth medification was counter-flow injection as
provided by the chamber section shown in Fig. 11, This
auxhification, when combined with the three proevious
features, resnldtest in the decomposition chamber shown in
Fug 120 Ebmimation of the spray ingestor, kweping other

things the same as for heated-liquid injection, made it
possible to operate a 4740-in.-1.* gas generator with vapor
feed at chamher pressures not over 30 psia, which cor-
responded to a fuel Bow rate of about 0.0025 th/scc. The
additiona]l madifications incorporated in the triple-section
chamber of Fig. 12 made it passible to increase UDMH
vaporiziation rate to 0.02 1b sec and chamber pressure to
206 psia ut cssentially the same L* (4875 in.). Vapor tem-
peratures of 242 to S41°F were recorded.

The effect of segenerative vaporization on VDM
values can be judged from the plotted data in, Fig. §
Tabulatexd dota. including T. values and additional data
at 42 to 49 peia, are shown in Table 5. For tlee twa
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Fig. 10. UDMHN-Decompesition Chomber with internal Regenerative Fuel Heating

chamber pressures where comparison can be made with
unheated liquid injoction, 100 and 200 psia, average ¢
values are higher by about 40 ft ‘sec for vapor injection.
As with heated-liquid injection, this slight bt detectable
increase in ¢' is probably the result of docreuse in system
heat loss.

c. Operation with supplementally heated furel. A seties
of UDMH experiments was conducted using vaporizsd.
fuel injection for the purpose of determining if UDME

i decomposition conld be carricd out in o much smaller .

(lower L*) chambwr than was found to he possible with E

unheated UDMH. For this purpose, a supplementary p

UDMH heating system was installed to increase the §

E vaporization capacits bevond that provided by regenera- ;

i tive heating. The complete installation is shean in Fig. 4
;| 13 Heating of the UDMI was aceomplisted by passing

- it through a W-ft ol of samdesssteel Yi-in, tbing, 1

x shown in Fig. 14, which waa immerssd in maolten coerro- k

safe metal, The cemrosale was heated by o 50w electric 3

Fig. 11. Counter-Flew Vaperized UDMH injection Section  itnmersingi beator, the two elements of whsh esteraded ‘
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Fig. 12. Triple-Section UDMH-Decompesition Chamber with External and Interncl Regenerative Fuel Hecting

upward and inside the fucl coil. In the arrangement shown
in Fig. 13, UDMH was finst prehwated regeneratively,
passed through the supplemental metal-bath heater, and
then kd directly into the top of the decomposition
chamber.

By this means, it was possible o extend UDMH gas-
generator operation down to an L of 366 in.; no smaller
chambuns were tested. Sinee heat has been added to the
systemn, cosnparisons of results with previously discussed
data have litthe significance; ¢ and T. results from tosts
mudde with wlded heat would be expected to be tome-
what higher, amt this is shown by comparing the limited
data in Table 6 with data from tests without added heat.

Toble S. Experimentolly Datermined
lont-UDMHK Performance Utilizing Reganer-
otively Heoiled Vopor Feed*
Chamber Pressura | Average ¢®*|Averege 7. '::‘: )
poie L9 s Av J
LY wne V998 4
100 * 2 nes 1230 4
x0 * » 3100 1346 ‘
Sz Icrs

However, it is worth noting that an appreciable decre e
in both ¢ and T, occurred when the L* was reduced to
368 in., as is cvident in the following comparison:
UDMH Gas-Generator Opervition with Vaporization
Regencrative Coil Supplemental Heat

L 4740 368
Chamber Pressure,

Pe. poin 249 58
Avy. c*, ft/sec 2870 216%
Avg. T.. °F 1198 72
No. of Tests Averaged 4 2

Henee, even with added heat, it appears thit the lower
1* is, nevertheless, too small to permit decompnsition to
proceed to the extent it does in Lirger chambers, and an
appreciable amount of undecompused UDMH was prob-

ably being discharged from tiw exhaust nozzde of the
386-in.-1.° chamber.

C. Exhaust-Gas Analysés

At a chamber pressure of 300 psia, cakwlations hased
on condditions of thermochemical evquilibrinm indicate
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Fig. 3. UDMH-Gas Gonerater with Regenerative and
Supplemenial Motal-Beth Fuel Heating

that UDMH should decompose into principally H., N,
CH,. and € in the approsimate mole percentages of
40-20-20-20. Calculated companitions at 75-, 300-, and
600-pria chamber pressure age listed in Table 7. How-
ever, e esperimental {UDMH monopropellant  gas-
generation operation would seem to indicate that these
are not the actual exhaust compasitions since diserepan-
cies hetween theoretical and actaal performance param-
eters have hoen noted.

The following two sections give results of experimental
wirk which was done to determine UDMH-exhaust

composition.

1. Determination of solid exhaust products. A cvclone
separator, shown in Fig. 15, was installid on the exhaust
nozzle of 3 UDMEL-gas gencratar in an attempt to collect
the solid carbon in the exhaust gases.

Figure 16 shows the separator installed on a gas gen-
erator of I 4280 in.. and Fig. 17 shows the amount of
carban and liguid mterial. sprobubly undeconposed

ey et
‘-"hm.‘.\..\l t—J

Fig. 14. Metal-Bath Supplemeniul Fuel-Heating Coll

UDMH) collected from a test in which 6 Ih of UDMK
were consumid. 1 about 208 carbon had been formed.
as had been predicted on the hasis of thermachemical
caleulations, over 1 1h of carbon should have heen onl-
lected, Actually, although more carlum was in the sup-
arator than is shown in Fig. 17 (hecanse of hokdup on
the sepurator wallsi, g more thun a few grams of carbon
could he acconmted for. in addition. some of the carhon
formed resnained adberest to the chamber wall in the
decompasition chamber (Fig. 18
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Hence, it apprars that cither the oy clone separator was
aot effective in colkting carbon or carbon formation i
considerably less than thermochemical caleulations pre-
dicted. Probahly both of these explanations are partially
ouwrrect.

2. Determinstion of gaseous exhaus? products. Gas sam-
2 ples were taken by means of the apparatus shown in Fig.
19. After expansion through a nozzle, exlraust from the
stas generator was cooled in a long, horizontal, air-cooled
heat exchanger and then exhausted to the atmosphere.
A constriction at the end of the heat exchanger forced
a small part of the gas stream to be diverted through
one or more traps in order to remove entrained solids
and liquids prior to being collected in double-ended gas-
sample bottles. A bubbler flow-indicator downstream of
the sumple bottles provided a visual check in order to
insure sufficient gas low during the test, and check valves
antomatically sealed off the sample bottles at the test
termination. Tests were carried out with a gas generator
having an L* of 4330 in,; chamber pressure was main-
tainad at 320 psig. Measured decomposition temperature
under these conlitions was 1275 to 1285°F.

A total of six gas-sampling tests was made; duplicate

samples were taken in all but one test. Two methods of

analysis were used to determine gas compositions: (1)

, mass spectrography and (2) infrared spectrography sup-
i plemented by Orsat analysis (Ref. 8). The second method
was used also to obtain the hydrogen-nitrogen ratio. The
experimentally obtained carbon-free exhaust-gas compo-
sitins determined by both methods of analysis are
shown in Table 8, together with the calculated thermo-
chemical oqguilibrium gas compasition determined on a
carbozn-froe hasis (refer to Table 7). The mass-spectrograph

Table 6. Experimentally Determined Monoprope!-
lani-UDMHM Performance Uiilizing Supple-

mentally Hected Vapor Feed

Le ;',':::: Average ¢*|Average T, '::.:
in. b "/ o Averaged
4810 305 10 313 3327 1373 3

2145 | 143end a0 3438 1378 2

" 20 * 50 3138 1304 .
1070 100 * S0 2034 1362 .

Y Piend 78 2040 1338 2

M4 s 268 7% 2

results®, which consisted of three analyses, included com-
pasitions of duplicate samples determined one month
apart. These samples were included in an attempt to
reveal any effects of sample age on analytical results.

‘Analyses made by Consolidated Electrodynamics Corporation,
Pasadena, Californis.

Fig. 15. Cyclene Separater for Quentetive
Carben Daterminstion

Tobie 7. Cakulated Thooretical Exhaust-Gas Composition from UDMH Decompesition®

! Chamber Pressure
Exhousi pole )
Componant d vt e
Vosed Sududing Totol Sucdvding Totel Encloding

LB 87 0 40.2 204 3.3 7.3

N, 22 23.4 190 M 203 25.¢
: cn, " 158 197 240 2.4 73
X N, a 0.1 [ A 01 0.1 0.2
: [ 7] . . {81 ppm) (V4 ppm) (20 ppa) (23 pom)
: [4 b2 R -_— 0 -_— 192 -—
‘ 100.0 1000 000 100.0 100.0 100.0
; ::n (1) Moot of faremahen O 4+ 1272 heal 'med. (2) A o homical squilibrium (3) Velue. given in mel %
3
lt‘:
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Siznificant diferences were lound: tor example, HON
ad NH increassd froms 41 and 0.1 ta 1S3 and 5.8 mol 4,
respoctively, whercas, CH. He aml N showed smaller
decveases, However, in a similar comparison made using
the infrared-Orsat methad. no significant changes were
found.

Anather discrepancy betwern the two methads was
noted in analvses of duplicate samples from one test. In
this instance, the mass spectrograph showed HON aad
. NH. contents as 16.6 and 0.8 maol ¢, respectively; whereas,
the infrared-Orsat methuxd showed 6.3 and 164 mol €.
This estremely large difference in NH O analvses hd to a
carefnl proof-testing of the mfrarcd-Orsat method using
a syathoetic-gas mixture of known  composition.  The
method was fornd to be quite accurate for NI (< 0.2
wmol %) as well as other components. For this reason, no
further sumples were analyzed by the mass-spoectrograph

method.

An examination of the data in Table 9 reveals the fol-
Jowing items of interest:*

1. {Joth analvtical methods gave wide variations in the
concentrations of sanwe components. Most of this
vanation occarred between gas-generator tests and
nit hetwoeen duplicate samples.

. The amount of FICN and NH, actually found was
vonsiderably greater than that caleulated on the
basis of thermochemical oquilibrium.

3. Tiw actual range of CH, concentrations was some-
v.haut higher and the range of hydrogen concentra.
tion lower than caleulated values.

4. Average exhaust-gas compaosition based on infrared-
Omsat results was as follows:

[ 2]

Component Mol%, Average
CH, 38.4
N, 17
NH, 178
H, 119
HCN 69
CH. 1.7
C.H. 03
CH, 0.14

Thtailed aeilvtic al revnlts of the edunstgas analssn are given
e Tahl 9 and 10

'
L SOpN

R/

t_"d,.' A -
m\' v e A 1 Sk e »;A&ﬁ

Fig. 17. Carbon Separated frem Six Pounds of
UDMH-Gas Generation

5. Atownic propaortions for this composition correspond
to C, ..M N... which, for the theoretical carlum-
free equilibrinm  composition is C.LH.N,. The
formula for UDMH is CHN. This comparison
indlicates that, at least proportionally, all the nitro-
gea and nost of the hvdrogen aee accounted for by
esduiust-gas analvsis, amd that UDMY. when i't
decopenes, does not form solid carhon to the
estent predicted v thenmnchemicead equilibrinm
calenlations B8 the total et contaimsd 16 im0l 4
carbown, Wb carbuan would bae oo ated for
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Fig. 18. Corbon Formation in Chamber citer Vaper-
Injection Gas-Generation Test Using UDMM
as Meneprapellant

6. The o value caleulated for the ahove-average com-
position at 1280 F is 2833 ft soe as compared with
about 3200 ft sce actually abserved. The difference

Fig. 19. UDMH Exhaust-Ges Sampling Apperatun

betwoen these two values probahly resulted from
inaccuracies in the temperature measurement amd

gas analysis.

Toble 8. UDMH Exhaust-Gas Analysis with Chamber Pressure ot 320 pelg

Cclcul.u;:‘d Thermechomical lnﬁuxd ond
Equilibrium Compesition Ovset Analysis Mass Speciragraph®
Gas Compeonent 1300 paia) e P
-l % -l %
Mathane Mo ¥3— a0 FIEES V)
Niveges e 123 — s 169 — 8
Hydrogen 2.4 6\ - 173 03 — W)
Nydvogen cyanide U ppm 13 — 104 4 - 8
Shone - (R ) 9 2
Shylens it N - 08 19— 18
Propone () - 22 0s- 03
Anmesis X 139 - 187 o1 38
Omer [ i w29
sConsalidutod Ligemad
152
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Table 9. UDM:! Exhoust-Gas Composition Determined by Infrared-Orsat Method
mal %
Component . Tew 374 Towt 204 Tost 303 Tow 304 Tewt 303
2 1 2 ' 1 1 2
() Y %0 40 0 X [YY) “o ns
: N 133 U4 20 3 us 72 3.1 VY]
" 102 1% 104 'S) 73 1 "a 124
HEN a3 .2 o4 104 33 sz EY) 'y
Caty ) X 01 N "l N Nt "l
Cobi 048 Nl Nl Nl on s.l4 0.7 o
Coe F] 1k 2 22 ‘4 v 21 1.9
N, 104 7.3 257 094 139 112 153 153
Atomic proportions
Corben 7 1.6 132 ) YY) 120 162 144
Hydirogen .0 .38 7.2 80 Y ) en 774 %
Nitvages .4 20 20 ) 20 20 20 20
!
Table 10. UDMHK Exhaust-Gas Composition
Determined by Mass Sy ectrograph
! Compaesition
mel %
| Component Tew 258 Yout 371
‘! 1 o 3
f N, 50.4 413 “z
' ~ 224 149 1.
: " 180 103 ns
! HCN 41 188 166
i CMe 2 29 34
; T, 10 12 vy
: C 0s 04 04
: Ce 0.2 o1 a2
! N, 0. 53 os
Othar " 20 13
L Atomic proportions
AR Corhen 0 20 20
‘ Hydragen 00 P 76
Nitrogen 144 V.98 1.49
. | [ .Y,
-:'-:‘*“No v:h'.udh—oh.-“hlhﬂ-
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13N, CONCLUSONS

Experimental investigation of UDMH as a monopropel-
lant kead to the following conclusions:

1. Unsymmetricat dimethylhydrazine (UDMH) can be
made to aperate reliably as a monopropellant under suit-
able conditions of ignition, injection, and combustion
volume.

2. Changes in chumber pressure between 1060 and 800
psia indicate a small but detectable increase in ¢* values.

3. Changes in L hetween 2100 in. and about 8000 in.
have no consistent effect on ¢ values. However, with
unheated fuel, an L° of 2100 in. is e approximate lower
limit of monopropellant operation.

SRNEIDENTIAL

Cive . QWD

4. Regeneratively heating UDMH prioe to its injection
into the chamber in the form of either liguid or vapor
slightly improved ¢* values. It is postulated that this ¢*
increuse results from redustion of ov. .-all system hoat Joss.

5. Employing supplementally prebeated UDMH ex-
tends ma..opropellant opesation to chambers of relatively
low L°.

6. Carbon formation in UDMH decomposition is bess
than predicted on the basis of thermochemical equilib-
rium calculations; whereas, ammonia and hydrogen
cyanide are formed in considerably greater quantities
than calculated.
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NOMENCLATURE

€ = characteristic velocity, ft,/sec.
f. = nozzle-throat area, in.*

£ = gravitational constant, ft/sec.?
1., = specific impulse, sec.
1* = characteristic length, in.
- = chamber pressure, pria.
T, = combustion temperature, °F.

V. = combustion volume, in.?

w ~ propellant flow rate, tb/sec.
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APPENDIX C
TEST DATA
MODIFIED HYPERMIXING EJECTOR
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Wg/Wsy = 100%
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Figure 106. Effect of Primary Flow on Total Pressure Profiles, Ws/WsD= 100%
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Figure 107. Effect of Primary Flow on Total Pressure Profiles, WS/WSD= 160%
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Figure 108. Effect of Primary Flow on CO, Concentration Distribution, WS/WSD=100%
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LIST OF SYMBOLS
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|
e — at -

JRVPSVS - TR ISV Ry O

ENGINE STATION NOTATION

Freestream

Mixer Inlet

Mixer Outlet or Diffuser Inlet
P Diffuser Outlet

Combustor Outlet
6 Exit Nozzle Throat

il B

o

>

NOMENCLATURE

Area; (A* =Area at Mach 1.0)
Speed of sound

Flow discharge coefficient

» >

Q
o

Specific heat at constant pressure

Q

A
Diameter; mixer divergence area ratio, (———‘i—-)

Thrust Zthp
Gravitational constant

Eunthalpy

Altitude

Length

Mach number
Net Jet Thrust Coefficient, F/q A4

S T R LR

O H o me = o

NJ

" $h Lt il il acaiNg, S 3 i, il
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LIST OF SYMBOLS

P Pressure i

R Gas constant : %

SFC Specific fuel consumption " 1
SPC Specific propellant consumption ;
SLS Sea level staiic coaditions %

T Temperature 1

\'f Velocity 3

w Weight flow E
Wg/Wp Secondary to primary flow ratio %
a0 Freestream dynamic pressure, % p o Vo2
Greek Symbols 1
% Ratio of specific heats .i

n Component process efficiency 1

p Density “!

® Fuel equivalence ratio d

6 Mixing process spread angle i
Subscripts q

a Air
A/B Afterburner
Cc Combustion
D Drag
E Exit
f Fuel
g Gas
M Mixer
m Mass
NJ Net jet
p Primary
s Secondary
T Total condition
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